Background: A successful weight loss program is essential treatment for obesity-related diseases, but it is well known that the majority of individuals do not succeed in weight loss maintenance. The present study evaluates hormonal mechanisms and the relationship of ␤2-adrenoceptor polymorphisms involved in individuals who regain weight after initially successful weight loss.
W
eight loss and maintenance of weight loss are the most effective nonpharmacologic treatments for correction of cardiovascular and metabolic risk factors in obese patients. [1] [2] [3] [4] [5] [6] [7] However, few obese people succeed in sustained weight loss, and long-term results of weight loss programs are disappointing with a substantial
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proportion of people regaining most of the weight initially lost.
There is strong evidence suggesting that human obesity has both genetic and environmental determinants. 8, 9 Investigations have reported associations of polymorphisms of the ␤2-and ␤3-adrenoceptors in obesity, 10 -15 and regulation of thermogenesis is mainly attributed to ␤2-and ␤3-adrenergic receptor activity. Increased energy expenditure and increased resting metabolic rate are predictive of weight loss, and the sympathetic nervous system plays a key role in regulating energy balance through stimulation of thermogenesis. Effects on rates of thermogenesis are also influenced by genetic factors. Few studies have taken into account success in maintenance of weight loss, resistance to weight loss, and rebound weight gain as part of hormonal changes associated with changes in body weight or the polymorphisms of the ␤-adrenoceptor genes that occur with weight change. We examined weight loss in relation to changes in body fat mass, plasma norepinephrine (NE), leptin, and insulin. In addition, we compared polymorphisms of ␤2-and ␤3-adrenoceptor genes in subjects who maintained weight loss during 24 months to those who regain body weight (rebound weight) in a protocol of a defined, constant dietary intake and exercise program.
Methods

Subjects
The weight loss program enrolled 154 overweight (25 kg/m 2 Յbody mass index [BMI] Ͻ30 kg/m 2 ) men, consisting of 89 overweight normotensive men (blood pressure [BP] Ͻ140/90 mm Hg) and 65 overweight, untreated mildly hypertensive men (140/90 mm Hg ՅBP Ͻ160/95 mm Hg). None of the subjects had diabetes (fasting blood glucose level Ͼ100 mg/dL) or other illness including psychological or emotional problems. 16 No subject was taking antihypertensive agents or other medications. Furthermore, no subject had any symptoms of obstructive sleep apnea (ie, breathing pauses every night or almost every night) or extremely loud habitual snoring or sleepiness during the daytime. 17, 18 Only subjects whose body weight had not changed for at least the past 2 years (weight change Ͻ5%) provided in their biannual medical evaluation records were enrolled in the present study. 4, 19 The subjects enrolled in this weight loss program were emotionally stable, 16 and had a similar socioeconomic status. The protocol was approved by the Ethics Committee of Osaka University Graduate School of Medicine, Japan, and written informed consent was obtained from all the subjects.
Study Design
The weight loss program consisted of a low caloric diet (1600 kcal/d, 55% of calories from carbohydrate, 30% from protein, and 15% from fat) and a low sodium diet (7g NaCl per day) and aerobic exercise of more than 1 h daily (eg, walking, jogging, or gym exercise). The subjects attended a 1-h private teaching and counseling session each week for 4 weeks, followed by biweekly 1-h sessions for 23 additional months. All sessions were led by experts in nutrition and exercise counseling. Calorie intake was calculated based on the subjects meal diary, which was assisted by nutritionists. The physical activity was quantified and recorded by the use of step-counters used on a daily basis. Diet and exercise compliance were monitored according to the subjects' own records every 2 weeks and were recorded at private counseling sessions. Compliance to diet and exercise was considered excellent and consistent based on those records.
Methods
After an overnight fast of 12 h and 30 min rest in the supine position, height, body weight, BMI, percentage total body fat mass, BP, heart rate, and venous blood sampling for measurements of blood glucose, plasma NE, leptin, insulin, and the extraction of genomic DNA from leukocytes were obtained. Samples were taken at entry and at 6, 12, and 24 months during the study. The BP and heart rate were measured more than three times in the supine position by an automated sphygmomanometer (TM-2713, A&D, Tokyo, Japan) using an adjusted cuff size based on arm circumference. Recorded BP levels and heart rates were averaged. The percentage body fat mass was determined by impedance measurements (BF-102, Tanita, Tokyo, Japan). Total body fat mass (in kilograms) was calculated according to the following formula: [percentage body fat mass (%)/100] ϫ body weight (kg). Plasma NE was measured after separation by high-performance liquid chromatography using the fluorometric method as previously described in detail, 19 and plasma immunoreactive insulin was measured by a standard radioimmunoassay method as described in detail (insulin RIABEAD II, Dinabott, Tokyo, Japan). 19 Plasma leptin was measured by radioimmunoassay 19 (human leptin RIA kit, Linco, St. Charles, MO, USA). The homeostasis model assessment of insulin resistance (HOMA-IR) was defined as the product of fasting plasma insulin (in microunits per milliliter) and glucose (in milligrams per deciliter) divided by 405.
20
Genotyping
Genotyping was performed by the TaqMan assay, as previously detailed (Applied Biosystems, Foster City, CA, USA). 21 Two polymorphisms (Arg16Gly, Gln27Glu) of the ␤2-adrenoceptors 13, 14 and one polymorphism (Trp64Arg) of the ␤3-adrenoceptor 22 were evaluated. For single-nucleotide polymorphisms (SNPs) in the ␤2-adrenoceptor genes, the probes and primers were as follows: for Arg16Gly, the probes were CGCATGGCTTCCA-TTGGGTGC and CGCATGGCTTCTATTGGGTGC, and the primers were GGAACGGCAGCGCCTTCT and CAGGACGATGAGAGACATGACGAT; and for Gln27Glu, the probes were CTCGTCCCTTTCCTGCGT-GACGT and CTCGTCCCTTTGCTGCGTGACGT (the primers used in this assay were the same as those used for Arg16Gly). For the Trp64Arg SNP in the ␤3-adrenoceptor, the probes were TCTCGGAGTCCAGGCGATG-GCCA and CTCGGAGTCCGGGCGATGGCC, and the primers were GGAGGCAACCTGCTGGTCAT and CACGAACACGTTGGTCATGGT. 
Statistical Analyses
Genotype frequencies and the Hardy-Weinberg equilibrium were estimated with 2 test. Values are shown as mean Ϯ SD. All data analyses were performed with SPSS 8.0 for Windows program (Chicago, IL, USA). Changes in measured parameters within each group and differences among groups were examined by two-way analysis of variance. When these differences were significant, the Dunnett test was used to determine whether the differences of the mean measured variables at 6, 12, and 24 months were significant within the groups and among the groups compared from baseline. Multiple linear regression analyses were used to examine relations among variables using changes in body weight or in mean BP versus changes in hormonal measurements during weight and BP changes.
Results
Prevalence of Weight Loss Maintenance, Rebound Weight Gain, and Weight Loss Resistance
When significant weight loss was defined as a 10% or more reduction in BMI from baseline, 73 subjects succeeded in achieving weight loss at 6 months. Maintenance of weight loss was noted in 37 subjects and rebound weight gain was found in 36 subjects. Sixty other subjects, who did not have a significant weight loss at 6 months, actually succeeded in significant weight loss at 24 months (slow weight loss group). Thus, a total of 97 subjects succeeded in significant weight loss at 24 months. Fiftyseven subjects failed to have significant weight loss at 24 months, 36 subjects had rebound weight gain, and 21 subjects failed to lose weight during the entire 24-month period. Thus, there were four study groups: subjects who failed to lose weight during 24 months represented the weight loss resistant group (n ϭ 21); subjects with maintenance of weight loss represented the weight loss maintenance group (n ϭ 37); subjects with weight regain represented the weight rebound group (n ϭ 36); and those who failed to lose weight at 6 month but succeeded to lose weight at 24 months represented the slow weight loss group (n ϭ 60).
Calorie Intake and Physical Activity
Diet compliance (calorie intake) and physical activity (steps per day) were not significantly different among the four groups (Table 1) . Behavior (alcohol intake, cigarette smoking) and socioeconomic status was similar among the four study groups throughout the study. Thus, compliance was considered very good for the 24-month period. Table 2 shows the frequencies of the genotypes and the alleles of ␤2-and ␤3-adrenoceptor genes in the four study groups according to the response in weight loss. The weight loss resistant group, the rebound weight gain group, and the slow weight loss group had a significantly higher frequency of the Gly16 allele of the Arg16Gly of the ␤2-adrenoceptor compared to the weight loss maintenance group ( 2 ϭ 5.76, P ϭ .016; 2 ϭ 5.38, P ϭ .020; 2 ϭ 6.11, P ϭ .013, respectively). The weight loss resistant and slow weight loss groups (both groups failed to lose weight at 6 months) had a higher frequencies of the Glu27 allele of the Gln27Glu of the ␤2-adrenoceptor compared to a combined group with weight loss maintenance and rebound weight gain group (both groups succeeded in significant weight loss at 6 months) ( 2 ϭ 6.16, P ϭ .013; 2 ϭ 6.22, P ϭ .013, respectively) ( Table  2 ). The frequency distribution of the Glu27 allele of Gln27Glu was 9.4% and that of the Arg64 allele of Trp64Arg BMI ϭ body mass index; BP ϭ blood pressure. * P Ͻ .05, † P Ͻ .01 compared with values in weight loss resistant subjects; ‡ P Ͻ .05, § P Ͻ .01 compared with rebound subjects; ʈ P Ͻ .05, ¶ P Ͻ .01 compared with values in slow weight loss subjects; # P Ͻ .05, ** P Ͻ .01 compared with values at baseline. Data are mean Ϯ SD. n ϭ 154.
Frequencies of ␤2-and ␤3-Adrenergic Receptor Polymorphism
was 18.5%. The frequency distributions for alleles in our subjects were similar to those in previous studies in Japanese cohorts, but lower than studies in whites. 23, 24 
Physical Measurements
The mean age, BMI, BP levels, and heart rates at entry were similar among the four groups (Table 1) . However, the entry measurements for total body fat mass and waistto-hip ratio were significantly lower in the weight loss maintenance group versus the other three groups (weight loss resistant, slow weight loss, or rebound weight gain). At 6 months, the weight loss maintenance group had significantly greater weight loss, body fat loss, and a decrease in the waist-to-hip ratio compared to the weight loss resistant and slow weight loss groups. The BP reductions at 24 months were significantly greater in the weight loss maintenance and slow weight loss groups compared to the weight loss resistant group and the rebound weight gain group (Table 1) . Only in the weight loss maintenance group did the heart rates decline at 24 months.
The subjects carrying the Gly16 allele had greater total body fat mass and waist-to-hip ratios at entry and throughout the study (Table 3) , and the subjects carrying the Glu27 allele had greater total body fat mass (Table 4) .
In all subjects, weight loss and mean BP reduction during 24 months were 8.9 Ϯ 4.4 kg (10.8% Ϯ 5.3%) and 4.5 Ϯ 3.1 mm Hg (4.7% Ϯ 3.2%). Mean BP reductions per amount of weight lost were similar among the four study groups (0.4 Ϯ 0.2 mm Hg/kg in the weight loss maintenance group; 0.3 Ϯ 0.1 mm Hg/kg in the rebound weight gain group; 0.5 Ϯ 0.2 mm Hg/kg in the weight loss resistant group; and 0.5 Ϯ 0.3 mm Hg/kg in the slow weight loss group).
Hormone Levels
Plasma NE and leptin levels, and HOMA-IR decreased with weight loss in the four study groups ( Table 1) . The most significant finding was that plasma NE and leptin levels were substantially greater in the weight loss resistant group compared to the weight loss maintenance group at entry and throughout the study. In the rebound weight gain group, plasma NE level was significantly greater than in the weight loss maintenance group. The slow weight loss group also had higher plasma NE and leptin levels at entry compared to the groups who succeeded in a significant weight loss at 6 months (weight loss maintenance and rebound weight gain groups), but lower values than the weight loss resistant group (Table 1) . Plasma NE and leptin levels in the subjects carrying the Gly16 and Glu27 alleles were higher at entry and throughout the study compared to those without the Gly16 or Glu27 allele. The HOMA-IR in the subjects with the Gly16 allele was higher throughout the study, as previously we reported, 25 whereas that in the subjects with the Glu27 allele was similar (Tables 3 and 4) . The definitions for the 4 study groups according to the response in weight loss are referred to in the Results, Prevalence of weight loss maintenance, rebound weight gain, and weight loss resistance section.
Relationship With Weight Loss and BP Reduction
Using linear regression analysis, plasma NE levels at entry and at 24 months correlated significantly with mean BP (r ϭ 0.54, P Ͻ .001, r ϭ 0.42, P Ͻ .001, respectively), heart rate (r ϭ 0.27, P Ͻ .05, r ϭ 0.21, P ϭ not significant, respectively), BMI (r ϭ 0.28, P Ͻ .05, r ϭ 0.25, P Ͻ .05, respectively), total body fat mass (r ϭ 0.36, P Ͻ .001, r ϭ 0.35, PϽ .001, respectively), and plasma leptin level (r ϭ 0.42, P Ͻ .001, r ϭ 0.37, P Ͻ .001, respectively). Changes in heart rate for 24 months did not correlate with changes in plasma NE.
In multiple linear regression analysis, total body fat mass (P ϭ .043), plasma NE (P ϭ .016) and leptin levels (P ϭ .020), but not heart rate, at entry were significant determinant factors for absolute weight changes for 24 months (R 2 ϭ 0.337, F ϭ 3.56, P ϭ .010). Mean BP (P ϭ .050), total body fat mass (P ϭ .041), and plasma NE level (P ϭ .042) at entry were significant determinant factors for absolute changes in mean BP for 24 months (R 2 ϭ 0.301, F ϭ 2.45, P ϭ .047). Changes in total body fat mass (P ϭ .019), waist-to-hip ratio (P ϭ .034), plasma NE (P ϭ .033) and leptin levels (P ϭ .022) for 2 years were significant determinant factors for absolute changes in mean BP (R 2 ϭ 0.381, F ϭ 5.03, P ϭ .007).
Discussion
The present study shows that the initial levels of total body fat mass, plasma NE and leptin levels, and the frequency of the Gly16 allele of the Arg16Gly of the ␤2-adrenoceptor polymorphism are significantly higher in people resistant to weight loss and those who have rebound weight gain compared to those with successful weight loss maintenance. Thus, measurement of these parameters might predict those subjects who will fail to lose weight in both the short and long term or who will regain weight after an initial success in weight loss as determined in a dietary and exercise weight loss program. In addition, the frequency of the Glu27 allele of the ␤2-adrenoceptor is higher in subjects who are weight loss resistant and in those with slow weight loss, in people who fail to lose weight in the short term (6 months), compared to those with weight loss maintenance or rebound weight gain, who lose weight in the short term. These findings indicate that sympathetic overactivity as reflected by high plasma NE levels associated with the Gly16 and Glu27 polymorphisms might be linked to mechanisms that explain weight loss resistance and rebound weight gain despite adherence to long-term diet and exercise programs.
A number of studies have demonstrated several BPlowering mechanisms accompanying weight loss. 6, 7 In our weight loss program, average percent reduction in body weight and mean BP for 24 months in all subjects were 10.8% and 4.7%, respectively. These results revealed similar values to those levels in the meta-analysis by Neter et al. 7 And, normalization of BP often occurs before obese subjects reach their ideal weight. Therefore, overweight and obese hypertensive patients should be encouraged to lose even a modest amount of weight as it has pronounced beneficial effects on BP levels and other risk factors.
It is established that weight loss is accompanied by reductions in sympathetic nerve activity (SNA), insulin resistance, plasma leptin levels, and BP levels. [1] [2] [3] 5 However, few investigations have examined how the sympathetic nervous system, insulin resistance, and leptin level are involved in weight loss resistance and rebound weight gain. 26 More than 20 years ago, Tuck et al found significant reductions in SNA and BP during rapid weight loss and weight loss using a very low calorie diet. 2, 3, 5 In the present study, we note that plasma NE, leptin, and the HOMA-IR levels track with weight changes and in addition that plasma NE and leptin levels at entry are determinant factors for predicting changes in body weight during a weight loss program, thus further demonstrating that SNA (plasma NE levels) and plasma leptin levels are major control factors for changes in body weight. 5, 19, 27 In the present study, we used plasma NE levels as an index of SNA. Tuck, 28 Grassi and Esler, 29 and Rahn et al 30 reviewed that there are different results in SNA values in hypertensive patients depending on the method of SNA measurement including: regional NE spillover, muscle sympathetic nerve activity (microneurography), and plasma NE measurements. Spillover methods are considered as the gold standard for SNA measurements, but in humans these are difficult and invasive measurements. Furthermore , Rumantir et al 31 reported different values for regional sympathetic nerve activity between the kidneys and heart in obesityrelated hypertensive subjects. Plasma NE levels are more practical for large population studies, 5, 15, 19, 25 but represent several different process (secretion, clearance, and reuptake of NE) making it difficult to determine whether the defect is overproduction or decreased metabolism.
Pathophysiological involvement of genetic abnormalities in the ␤2-and ␤3-adrenoceptor system in obesity are well described. 10 -15,22 Among ␤2-and ␤3-adrenoceptor polymorphisms, amino acid substitutions, Arg16Gly and Gln27Glu of the ␤2-adrenoceptor and Trp64Arg of the ␤3-adrenoceptor polymorphism are considered functionally important in the control of body weight. 10 -15,22 In the present study, the weight loss maintenance group have a lower frequency of the Gly16 and Glu27 alleles of the ␤2-adrenoceptor and lower plasma NE levels, suggesting that the Gly16 and Glu27 alleles are related to a blunted ␤2-adrenoceptor activity and resultant sympathetic overactivity as shown by higher plasma NE levels. 15 Furthermore, the slow weight loss and weight loss resistance groups in our study during a 24-month period have a higher frequency of the Glu27 allele and higher plasma NE levels compared to the groups who succeed in significant weight loss in the short term. We have reported that the individuals carrying the Gly16 and Glu27 alleles have greater weight gain and BP elevations. 15 Taken together, Abbreviations as in Table 3 .
* P Ͻ .05, † P Ͻ .01 compared with values in subjects with the Glu27 allele; ‡ P Ͻ .05, § P Ͻ .01 compared with values at entry.
one could propose that the characteristics of the Gly16 and Glu27 alleles of the ␤2-adrenoceptor polymorphisms during weight gain may stabilize body weight even with on-going caloric restriction and exercise causing resistance to weight loss. Kaye et al 32 found a strong relationship between heart rate and the level of cardiac sympathetic nerve activity measured by the spillover method. Our results show that changes in plasma NE do not correlate with changes in heart rate, whereas heart rate correlates with plasma NE at entry. These findings indicate that the limitation that plasma NE level does not always precisely reflect the response of regional (heart) sympathetic nerve activity to weight change, but we could speculate that the subjects carrying the Gly16 or Glu27 alleles who have less reductions in heart rate might have an impaired response of cardiac sympathetic nerve activity to weight loss through the blunted ␤2-adrenoceptor sensitivity and resultant cardiac risk through resistance to weight loss. However, further studies are needed to evaluate the differences in the sympathetic-mediated thermogenesis in the subjects carrying the ␤2-adrenoceptor polymorphisms.
In conclusion, greater adiposity and sympathetic overactivity (high plasma NE levels) might predict those obese individuals who have complete resistance to lose weight during the 24-month period and those who will have rebound weight gain after a successful initial weight loss. The sympathetic overactivity in those subjects who have rebound weight gain and in those who have resistance to weight loss may be associated with the polymorphisms in the Gly16 and Glu27 alleles of the ␤2-adrenoceptor.
